Decompensated cirrhosis is characterized by exuberant systemic inf lammation. Although the inducers of this feature remain unknown, the presence of circulating forms of oxidized albumin, namely human nonmercaptalbumin 1 (HNA1) and HNA2, is a common finding in cirrhosis. The aim of this study was to explore the ability of these oxidized albumin forms to induce systemic inf lammation by triggering the activation of peripheral leukocytes. We observed significantly higher plasma levels of HNA1 and HNA2 in patients with cirrhosis (n = 256) compared to healthy volunteers (n = 48), which gradually increased during the course from compensated to decompensated to acute-on-chronic liver failure. Plasma HNA1 and HNA2 levels significantly correlated with inf lammatory markers 
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S ystemic inflammation characterized by an increased white blood cell (WBC) count and increased circulating levels of inflammatory cytokines, lipid mediators, and acute-phase proteins (C-reactive protein, fibrinogen, and ferritin) is a hallmark of decompensated cirrhosis (DC).
(1-3) Moreover, systemic inflammation together with oxidative stress play a major role in the pathogenesis of acute-onchronic liver failure (ACLF), an increasingly recognized clinical entity characterized by the appearance of multiple organ failure and high mortality in patients with DC. (1) (2) (3) (4) In general terms, the degree of systemic inflammation in cirrhosis increases in parallel to disease severity, being moderate in patients with compensated cirrhosis (CC) and intense in patients with DC, especially in those developing ACLF. (1, 2) Although decompensation of cirrhosis frequently occurs in the context of precipitating events, mainly active alcoholism/acute alcoholic hepatitis or bacterial infections, (2, 5) in a significant proportion of patients, the triggering factor or the precipitating event responsible for the abrupt increase in systemic inflammation remains unknown.
Albumin is the most abundant protein in human plasma, playing important roles as a plasma expander and transporter of fatty acids and in drug binding, metal chelation, and free radical scavenging. (6) Indeed, albumin is the main antioxidant protein in plasma, a feature that is-at least in part-mediated by the antioxidant properties of its free thiol moiety at cysteine 34. (7) Because albumin is exclusively produced by the liver, its synthesis is compromised in patients with cirrhosis, in whom liver function is deteriorated. (8) Consequently, patients with cirrhosis commonly show reduced circulating levels of albumin. (6, 8) In addition to hypoalbuminemia, patients with advanced liver disease have a higher content of severely oxidized forms of albumin. (1, 9, 10) In particular, oxidation of reduced albumin (human mercaptalbumin [HMA] ) in cirrhosis leads to posttranslational modifications in its molecule, resulting in human nonmercaptalbumin 1 (HNA1) and HNA2. Increased circulating levels of HNA1 and HNA2 are common in patients with CC and more pronounced in patients with DC. In clinical practice, circulating levels of HNA1 and HNA2 in plasma or serum are currently used as systemic markers of oxidative stress in patients with cirrhosis.
(1,9,10) Although oxidized albumin forms (i.e., HNA1 and HNA2) have reduced binding capacity and lack the ability to effectively remove circulating toxic and pro-oxidant substances, (7, 10) at present, it is not fully established whether these oxidized albumin forms are mostly inactive or possess some not yet characterized biological properties. The hypothesis of our investigation was that HNA1 and HNA2 may act as activators of peripheral leukocytes, enhancing the degree of systemic inflammation in patients with advanced liver disease.
Patients and Methods

patieNts
The study included 48 healthy volunteers (HVs); 31 ambulatory patients with CC, who had never presented acute decompensation (AD); 153 patients with DC; and 72 patients with DC and ACLF. DC patients with and without ACLF at hospital admission were selected from the CANONIC study of the Chronic Liver Failure (CLIF) Consortium and were without a known precipitating event. In the CANONIC study, hospitalized patients with an AD of cirrhosis (i.e., ascites, gastrointestinal bleeding, hepatic encephalopathy, bacterial infections, or any combination of these) were screened and enrolled from February to September 2011 in 29 university hospitals from 8 European countries. (2) In the CANONIC study, ACLF was defined as an AD resulting in liver failure and/or one or more extrahepatic organ failures in patients with chronic liver disease with or without previously diagnosed cirrhosis. The diagnostic criteria for organ failure was defined according to the Sequential Organ Failure Assessment-CLIF score.
MeasureMeNt oF circulatiNg alBuMiN leVels aND tHeir oXiDizeD ForMs iN HVs aND patieNts WitH cirrHosis
Albumin fractions were separated by high-performance liquid chromatography (HPLC) and detected by fluorescence as described. (11, 12) More details are given in the Supporting Information.
eX ViVo preparatioN oF alBuMiN aND oXiDizeD ForMs For iN Vitro eXperiMeNts
HMA, HNA1, and HNA2 were prepared from 15 mL of plasma from healthy donors (a 34-year-old woman and a 54-year-old man). Plasma aliquots (1.5 mL) were equilibrated (50 mM KH 2 PO 4 , pH 7.0) and eluted (50 mM KH 2 PO 4 , 1.5 M KCl, pH 7.0) through a HiTrap Blue HP column (GE Healthcare Life Sciences, Piscataway, NJ) for fractioning and dialyzed several times against phosphate-buffered saline (PBS). To obtain HNA1, the dialyzed albumin was incubated with cystine (17 mM) at 37°C for at least 24 hours. HNA2 was prepared by incubating the dialyzed albumin with H 2 O 2 (45 mM) for 1 hour at room temperature. Finally, the three fractions were applied to a PD-10 desalting column (GE Healthcare) to remove salts, residual cystine, or H 2 O 2 and eluted with PBS prior to being lyophilized. The redox state of the collected fractions was further assessed by HPLC. The results obtained in this analysis were as follows: HMA fraction, 85% HMA, 12% HNA1, and 3% HNA2; HNA1 fraction, 0% HMA, 97% HNA1, and 3% HNA2; and HNA2 fraction, 6% HMA, 9% HNA1, and 86% HNA2. For in vitro experiments, lyophilized albumin fractions were reconstituted with Roswell Park Memorial Institute 1640 medium containing penicillin (100 U/mL), streptomycin (100 U/mL), and L-glutamine (4 mM) without fetal bovine serum; filtered; and stored at -80°C until use.
aNalysis oF posttraNslatioNal alBuMiN MoDiFicatioNs By Mass spectroMetry
To check modifications in albumin levels, intact mass analysis was carried out by LC coupled to quadrupole time-of-flight (qTOF) high-resolution mass spectrometry (HRMS) in a 1290 Infinity UHPLC and 6550 qTOF (both from Agilent Technologies, Santa Clara, CA). The chromatographic column was an Agilent Zorbax-SB C8 (2.1 × 30 mm, 3.5 µm), and the elution was carried out by gradient elution using ultra-pure water and acetonitrile (Merck), both with 0.5% formic acid (SigmaAldrich Company, St Louis, MO) as the mobile phase. The albumin fractions were diluted at 0.1 mg/mL with water (0.1% formic acid) and maintained at 4°C for analysis. Ionization was by positive electrospray (5 kV capillary voltage, desolvation temperature 400°C, and flow rate 12 L/minute [N 2 ]), and the mass spectrum was recorded between 1,000 and 2,500 m/z at 0.5 spectra/second. The extracted average spectra of the chromatographic peak corresponding to albumin was deconvoluted using the maximum entropy algorithm of the Bioconfirm 6.0 module from Mass Hunter Software (Agilent Technologies). The relative abundance (percentage) of each isoform was calculated by dividing the abundance of each isoform by the sum of total intensities of all isoforms. The putative assignment of human serum albumin (HSA) isoforms was performed by the measured deconvoluted mass, allowing a maximum mass error of ±10 Da, supported by the results of previous studies.
assessMeNt oF reactiVe oXygeN species/reactiVe NitrogeN species iN alBuMiN FractioNs
The OxiSelect In Vitro ROS/RNS Assay Kit (Cell Biolabs Inc., San Diego, CA) containing a specific reactive oxygen species/reactive nitrogen species (ROS/ RNS) probe, dichlorodihydrofluorescein DiOxyQ, was used to measure the total amounts of ROS/RNS by fluorescence in the reconstituted albumin fractions at concentrations of 1, 5, and 10 mg/mL. More details are given in the Supporting Information.
aNtioXiDaNt capacity oF alBuMiN FractioNs
The total antioxidant capacity in the reconstituted albumin fractions at concentrations of 1, 5, and 10 mg/mL was determined using the OxiSelect Total Antioxidant Capacity Assay Kit (Cell Biolabs Inc.). More details are given in the Supporting Information.
DeterMiNatioN oF eNDotoXiN leVels iN alBuMiN FractioNs
Endotoxin levels in ex vivo albumin preparations were subjected to a Limulus amebocyte lysate assay using a ToxinSensor Chromogenic LAL Endotoxin Assay Kit (GenScript, Piscataway, NJ).
isolatioN aND iNcuBatioN oF HuMaN peripHeral BlooD leuKocytes
Human peripheral blood cells were isolated from 20 mL of blood collected with ethylene diamine tetraacetic acid (EDTA) from healthy HVs ( (17) More details are given in the Supporting Information.
MeasureMeNt oF cytoKiNe aND cHeMoKiNe leVels
Levels of interleukin (IL)-1α IL-1β, IL-6, IL-8, IL-7, tumor necrosis factor-alpha (TNF-α), granulocyte colony-stimulating factor (G-CSF), macrophage inflammatory protein-1 alpha (MIP-1α), IL-10, and IL-1 receptor antagonist (IL-1ra) in plasma, leukocytes, and peripheral blood mononuclear cell (PBMC) supernatants were assessed in a Luminex 100 system (Luminex Corp., Austin, TX) using a custom-made MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel (Merck Millipore) (further details are given in the Supporting Information).
rNa isolatioN, reVerse traNscriptioN, aND realtiMe pcr
Isolation of total RNA from leukocytes, PBMCs, and polymorphonuclear neutrophils (PMNs) was performed using the TRIzol reagent. RNA concentration was assessed in a NanoDrop-1000 spectrophotometer (NanoDrop Technologies) and its integrity tested with an RNA 6000 Nano Assay in a Bioanalyzer 2100 (Agilent Technologies). Complementary DNA (cDNA) synthesis from 0.5 to 1 µg of total RNA was performed using the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). Details about real-time PCR analysis are given in the Supporting Information.
pHospHo-KiNase array
The initial screening of the phosphorylation status of 43 signaling molecules induced by albumin and their oxidized fractions was performed in a Proteome Profiler Human Phospho-Kinase Array Kit (R&D Systems, Minneapolis, MN) (see Supporting Information).
WesterN Blot aNalysis
Total protein from PBMCs was extracted using a lysis buffer containing 50 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid, 20 mM β-glycerophosphate, 2 mM EDTA, 1% Igepal, 10% glycerol, 1 mM MgCl 2 , 1 mM CaCl 2 , and 150 mM NaCl, supplemented with a mixture of protease (Complete Mini; Roche Diagnostics) and phosphatase (PhosSTOP; Roche Diagnostics) inhibitors. For protein isolation, the cells were homogenized in 100 μL of lysis buffer and centrifuged at 1,000g at 4°C for 10 minutes.
Total protein (10 μg) from supernatants was placed in sodium dodecyl sulfate (SDS)-containing Laemmli sample buffer heated at 95°C for 5 minutes and separated by 10% SDS-polyacrylamide gel electrophoresis for 90 minutes at 120 V. Details about transfer and labeling with primary antihuman antibodies are given in the Supporting Information.
aNalysis oF aracHiDoNic aciD-DeriVeD MetaBolites By lc-electrospray ioNizatioNtaNDeM Mass spectroMetry
Leukocyte supernatants (200 µL) were spiked with an internal standard consisting of 15-hydroxyeicosatetraenoic acid with eight deuterium atoms (15-HETE-d8), leukotriene B 4 (LTB 4 ) with four deuterium ions, prostaglandin E 2 (PGE 2 ) with two deuterium ions (Cayman Chemical, Ann Arbor, MI) (5 ng each) in 500 µL acetonitrile, 100 µL water, and 5 µL 2,6-di-tert-butyl-4-methylphenol (10 mg/mL) and shaken vigorously. Details and conditions used to profile arachidonic acid-derived metabolites by solid-phase extraction and HPLC-electrospray ionization (ESI)-tandem mass spectrometry (MS/MS) are given in the Supporting Information and Supporting Table S1 .
statistical aNalysis
Results were compared using the unpaired Student t test, one-way analysis of variance, Mann-Whitney U test, and Kruskal-Wallis test when applicable. To assess the relationship between two continuous variables, Spearman's rank correlation coefficient (Spearman's rho, r s ) for nonparametric data was employed. Results were expressed as mean ± SEM. Statistical analyses were performed using SPSS Statistics software (version 20.0; SPSS Science) and GraphPad Prism software (version 5; GraphPad Software, San Diego, CA). P ≤ 0.05 was considered statistically significant.
Results
The characteristics of the patients included in the study are shown in Table 1 . No differences were observed in the age and gender of the patients with liver cirrhosis. Alcohol abuse and hepatitis C virus (HCV) were the most common etiologic factors causing liver cirrhosis, although alcohol was more frequent in patients with DC with and without ACLF, whereas HCV was more common in patients with CC. None of these patients presented infection, alcohol consumption in the last 3 months, or variceal bleeding; therefore, all patients included in this study had an unknown precipitating event(s) for decompensation or ACLF. A similar proportion of patients with diabetes was observed in the DC (44 out of 153) and ACLF Data are presented as mean ± SEM or number of patients (percentage). P < 0.05, **P < 0.005, and ***P < 0.001 for DC or ACLF versus CC; # P < 0.05, ## P < 0.005, and ### P < 0.001 for ACLF versus DC. Diagnosed by the presence of clinically detectable ascites or surrogates (diuretic treatment, spontaneous bacterial peritonitis, or therapeutic paracentesis prior to or after enrollment). Abbreviations: CLIF-C OF, CLIF Consortium organ failure; INR, international normalized ratio.
(23 out of 72) groups. There was a higher proportion of patients with organ failures (liver, kidney, and brain) and ascites in the ACLF group. WBC count, serum bilirubin, creatinine, and C-reactive protein levels and international normalized ratio rose in parallel with the severity of the disease, whereas an inverse relationship was observed in the platelet count. Hypoalbuminemia was present in decompensated patients with and without ACLF. As expected, patients with ACLF showed higher Model for End-Stage Liver Disease (MELD) and CLIF Consortium organ failure scores.
Significant differences were observed among the different groups when albumin was fractionated by HPLC into the native HMA, HNA1, and HNA2. Specifically, the percentage of the native reduced form (i.e., HMA) was much lower in all patients with cirrhosis compared to healthy controls and was significantly decreased across the different grades of cirrhosis in patients with CC, DC, and ACLF (Fig. 1A) . In contrast, the proportion of the oxidized albumin forms (i.e., HNA1 and HNA2) was significantly (P < 0.001) increased in patients with cirrhosis with respect to healthy controls (Fig. 1A) . In particular, HNA1 markedly increased in patients with CC and DC and remained elevated to a similar extent in ACLF, while HNA2 showed similar levels in patients Results are expressed as mean ± SEM. **P < 0.005 and ***P < 0.001 for CC, DC, or ACLF versus HV; # P < 0.05 and ### P < 0.001 for DC or ACLF versus CC; and a P < 0.05, aa P < 0.005, and aaa P < 0.001 for ACLF versus DC.
with CC and DC and rose sharply in patients with ACLF (Fig. 1A ). Supporting Table S2 shows that the pattern of distribution of each albumin fraction in plasma from patients with cirrhosis did not vary notably when patients were divided according to etiology of cirrhosis (alcohol or HCV).
To investigate whether the presence of oxidized albumin forms was related to the degree of systemic inflammation in cirrhosis, we next assessed the plasma concentrations of four well-characterized proinflammatory cytokines: IL-6, IL-1β, TNF-α, and IL-8. Patients with CC showed a similar cytokine profile to that of healthy subjects, except for IL-8, with these levels being higher in patients with CC compared to healthy controls (Fig. 1B) . Compared to patients with CC, the DC and ACLF groups showed a pronounced increase in the plasma levels of IL-6, IL-1β, TNF-α, and IL-8 (Fig. 1B) . Moreover, TNF-α and IL-8 levels were significantly higher in patients with ACLF than in those with DC (Fig. 1B ). Supporting Table S3 shows that the plasma cytokine levels were invariably higher in patients with DC and especially in those with ACLF independently of the etiology of cirrhosis. Spearman correlation analysis identified statistically significant inverse relationships between plasma levels of native albumin (HMA) and IL-1β, TNF-α, and IL-8 (Supporting Table S4 ). On the contrary, statistically significant direct relationships were seen between plasma levels of HNA1 and IL-1β, TNF-α, and IL-8 and between HNA2 and IL-6 and IL-8 (Supporting Table S4 ).
In order to test the direct effects of the oxidized forms of albumin in vitro, HNA1 and HNA2 were prepared ex vivo from HMA. Representative deconvoluted chromatographic peaks for HMA, HNA1, and HNA2 obtained by LC-HRMS + qTOF are shown in Fig. 2A . The list of posttranslational modifications of albumin and their relative abundance (percentage) is shown in Table 2 . The HMA fraction showed the highest abundance in native albumin isoforms (70.5%) with low content of cysteinylated (9.4%) and sulfinylated (20%) forms. In contrast, HNA1 mostly contained cysteinylated forms of albumin (79.1%), including the addition of cysteine by disulfide bridge (59.6%) and the double cysteinylated and glycated (8.6%) modifications. HNA2 was rich in higher oxidized isoforms, with the sulfinated (SO 2 H, 15.9%) and sulfonated (SO 3 H, 32.1%) albumin being the most abundant (Table 2 ). HNA2 also contained 26.1% of Cys-dehydroalanine-modified albumin, which is the result of the conversion of cysteine 487 into dehydroalanine (Table 2) . Consistent with the view that posttranslational modifications of albumin alter its redox activity and its ability to bind ROS, the antioxidant capacity of HNA1 and HNA2 was significantly reduced with respect to native HMA when these albumin forms were assayed at increasing concentrations (Fig. 2B) . Moreover, to exclude the possibility of HNA1 and HNA2 acting as a source of oxidative stress inducers, we assessed the release of ROS and RNS by these oxidized albumin forms in a cell-free environment. ROS and RNS release by HNA1 and HNA2 was similar to that of HMA and did not increase in a concentration-dependent manner (Fig. 2C) . Finally, to ensure the purity of the ex vivo-prepared HNA1 and HNA2 fractions and the absence of bacterial contaminants, each of the oxidized albumin forms was subjected to the Limulus amebocyte lysate assay in a cell-free system. Trace levels of endotoxin (<0.17 ng/mL), similar to those present in commercially available low-endotoxin human albumin (for cell culture purposes), were detected in HNA1 and HNA2 fractions as well as in HMA (Fig.  2D) . Together, these findings demonstrate that our ex vivo-prepared HNA1 and HNA2 fractions were chemically distinct and free of ROS, RNS, and endotoxin contaminants.
To assess whether HNA1 and HNA2 might play a causative role in systemic inflammation, we tested the effects of these oxidized albumin forms on the production of cytokines by peripheral human leukocytes isolated from HVs. The experiments compared the effects of HNA1 and HNA2 on leukocytes with those of reduced HMA and were carried out at an equal concentration of 1 mg/mL. This concentration was selected as the lowest value of the range of concentrations of oxidized albumins observed in patients with DC (1-3 mg/mL). Figure 3A shows the ability of HNA1, but not HNA2, to evoke a proinflammatory response in human leukocytes. Indeed, a remarkable increase in the production of inflammatory cytokines (i.e., IL-1β, IL-6, TNF-α, and IL-1α) was seen in leukocytes incubated with HNA1. Consistently, increased leukocyte production of anti-inflammatory cytokines (IL-1ra and IL-10), proinflammatory chemokines (IL-8 and MIP-1α), and hematopoietic factors (G-CSF and IL-7) was also observed (Fig. 3B-D) . Interestingly, a gradual increase in the expression . Peaks in the spectra represent the various HSA isoforms, in addition to native HSA, carrying the following particular structural alterations: truncation of aspartic acidalanine dipeptide in N-terminal portion (-DA), oxidation of the Cys-34 residue to sulfinic acid (+SO 2 H) or sulfonic acid (+SO 3 H), cysteinylation of the Cys-34 residue (+Cys) or glycosylation (+Glyc), and combination of the cysteinylated with the glycosylated form (+Cys+Glyc). (B) Total antioxidant capacity and (C) ROS/RNS production measured at increasing concentrations of HMA, HNA1, and HNA2 in a cell-free environment. Results are expressed as mean ± SEM of two independent assessments for each albumin fraction in duplicate. * P < 0.05 for HMA (1 mg/mL) versus HMA (10 mg/mL) and a P < 0.05 for HNA1 (1 or 10 mg/mL) versus HMA (1 or 10 mg/mL) or aa P < 0.005 for HNA1 (5 mg/mL) versus HMA (5 mg/mL). (D) Endotoxin levels, determined by the Limulus amoebocyte lysate assay, for HMA, HNA1, and HNA2 compared with those measured in a commercial endotoxin-free 99% albumin (control).
of IL-1β, IL-6, and TNF-α was seen when HNA1 and HNA2 were combined at increasing ratios within the interval of concentrations present in the circulation of patients with cirrhosis (Fig. 3E) .
To identify which leukocyte cell type was more responsive to the inflammatory actions of HNA1, we next tested the albumin fractions on PBMCs and PMNs isolated from healthy donors. The inflammatory response to HNA1 assessed by the induction of inflammatory cytokines (i.e., IL-1β, IL-6, and TNF-α) was more pronounced in PBMCs at both the protein (Fig. 4A ) and mRNA (Supporting Fig.  S1A ) levels. In contrast, the inflammatory reaction was marginal in PMNs, with HNA1 only inducing a small increase in IL-1β mRNA expression (Fig.  4B) . The blunted response of PMNs to HNA1 was confirmed at the protein level because IL-1β, IL-6, and TNF-α were undetectable in the supernatant of these cell incubations (data not shown). Given that the levels of IL-1β, IL-6, and TNF-α detected in supernatants from PBMC incubations (Fig. 4A) were 5-fold to 10-fold higher than in supernatants from leukocyte incubations (Fig. 3A) and considering that PMNs represent 80% of the leukocyte population, our findings suggest that mononuclear leukocytes are the main cell target for HNA1 actions. To investigate whether the response to the oxidized albumin isoforms is not different in leukocytes from patients with cirrhosis from that seen in healthy donors, we next replicated the experiments in PBMCs and PMNs isolated from patients with DC. Unstimulated PBMCs from patients with cirrhosis showed a higher baseline production of cytokines than those from healthy donors (Fig. 4C) . Importantly, compared to HVs, PBMCs from patients with cirrhosis showed a similar pattern of response to oxidized albumins at both the protein (Fig. 4C ) and mRNA (Supporting Fig. S1B ) levels. Moreover, consistent with that seen in HVs, the response of PMNs from patients with cirrhosis to oxidized albumins was marginal (Fig. 4D) .
Biologically active lipid mediators derived from arachidonic acid through the activity of the cyclooxygenase (COX) and lipoxygenase (LOX) pathways also play a major role in systemic inflammation. (18) To confirm that the inflammatory actions of HNA1 were not limited to cytokines, we tested the effects of the oxidized albumin forms on the production of eicosanoids by peripheral human leukocytes isolated from HVs. Figure 5A briefly illustrates the COX-mediated biosynthesis of PGs and thromboxanes (TXA 2 / TXB 2 ) and the 5-LOX-mediated formation of LTB 4 . HNA1 significantly up-regulated the expression of the inducible COX enzyme (i.e., COX-2) and its coordinated terminal microsomal PGE synthase 1 (mPGES-1) (Fig. 5B,C) . Expression of the constitutive COX isoform (i.e., COX-1) remained unchanged (Supporting Fig. S2A) . Consistent with the induction of COX-2 and mPGES-1, PGE 2 levels were markedly increased by HNA1 (Fig. 5D) . Similarly, PGF 2α and TXB 2 were increased by HNA1 (Fig. 5E,F) . Moreover, the potent chemotactic 5-LOX product LTB 4 and its pathway marker 5-HETE were significantly stimulated by HNA1 (Fig. 5G,H) . Of note, expression of the key enzymes in LT biosynthesis (i.e., 5-LOX, 5-LOX-activating protein, and LTA 4 H) was not altered by HNA1 (Supporting Fig. S2B -D, suggesting that HNA1 affects not only the expression of the inducible enzymes of the COX pathway but also the release of the common COX and LOX substrate, the polyunsaturated fatty acid arachidonic acid, from the cellular membrane. Interestingly, PBMCs, but not PMNs, from patients with DC responded to HNA1 with a remarkable induction of COX-2 expression (Supporting Fig. S3A,B) .
To elucidate which intracellular signaling pathway(s) is triggered when cells are challenged with HNA1, PBMCs were incubated with the different albumin forms, and the phosphorylation of 43 kinases involved in the transduction of inflammatory signals was screened in the Phospho-Kinase Array Kit. A specific profile of kinase phosphorylation was detected in PBMCs incubated with HNA1 (Fig. 6A, left panels) . Analysis of the array identified three potential kinases-p38α, AKT, and extracellular signal-regulated kinase (ERK)-in which the phosphorylation signal was at least 2-fold higher than that of vehicle (Fig. 6A, right panel) . Phosphorylation of these three kinases in response to HNA1 was confirmed by western blot (Fig. 6B) . Time-course experiments identified p38α mitogen-activated protein (MAP) kinase as the most consistent and sustained kinase phosphorylated by HNA1 over time (Fig. 6C) . To further confirm the involvement of p38α MAP kinase in HNA1 actions on PBMCs, we finally incubated these cells in the absence or presence of specific MAP kinase inhibitors. HNA1-induced cytokine production was significantly reduced by incubating PBMCs with the specific p38α MAP kinase inhibitor SB203580 ( Fig. 6D) . In contrast, PD98059 and SP600125, specific inhibitors of MAP kinase kinase 1/2 (upstream ERK kinases) and c-Jun N-terminal kinase ( JNK), respectively, were not able to block the inflammatory effects of HNA1 in PBMCs (Fig. 6D) . These findings were confirmed at the mRNA level by assessing the expression of COX-2 ( Fig. 6E) and IL-1β, IL-6, and TNF-α (Supporting Fig. S4 ).
Discussion
The pro-oxidant environment present systemically in patients with cirrhosis favors the occurrence of posttranslational modifications of circulating albumin. (7, 10, 11) In these patients, the two most common modifications are HNA1 and HNA2. HNA1 is a common reversible oxidized albumin that is represented by all cysteinylated (mostly HSA-Cys, HSA-DA-Cys, and HSA-Cys-Gly) isoforms. HNA1 has been described to correlate with the MELD score and has been used as a marker of the presence of ascites, renal impairment, and bacterial infection in hospitalized patients with cirrhosis. (9) On the other hand, HNA2, which is an irreversibly oxidized albumin form, includes sulfonylated modifications at Cys-34 (HSA-SO 2 H and HSA-SO 3 H). HNA2 has been related to renal impairment in hospitalized patients with cirrhosis (9) and described as a marker of systemic oxidative stress in patients with DC and ACLF. (1, 10) It is important to note that in our study, analysis of the posttranslational modifications of HNA1 and HNA2 produced ex vivo from reduced HMA and characterized by LC-HRMS and qTOF yielded similar results to those reported by Domenicali et al. (9) and Das et al. (19) in HNA1 and HNA2 isolated from the plasma of patients with cirrhosis.
In the current study, we investigated whether, in addition to being markers of oxidative stress in cirrhosis, these two oxidized albumin forms exert any biological effect on the immune system and specifically whether these molecules can induce the activation of peripheral leukocytes. To address this objective and to assess whether oxidized albumin forms may act as inducers of inflammation, and thus as triggers of decompensation and/or ACLF in cirrhosis, we performed our study in a selected cohort of patients with an unknown precipitating event(s). This feature is not uncommon in DC, as revealed by the results of the CANONIC study performed in 1,343 patients recruited across centers from eight different European countries, in whom the origin of the precipitating event was lacking in approximately 50% of the patients. (2) Our findings provide evidence that increased plasma levels of HNA1 and HNA2 significantly correlated with higher levels of systemic proinflammatory cytokines (i.e., IL-6, IL-1β, TNF-α, and IL-8) in DC with and without ACLF compared to patients with CC. Therefore, the current results support not only the concept of a close relationship between the levels of oxidized albumin forms and the intensity of systemic inflammation in patients with cirrhosis but also that increased circulating levels of oxidized albumin forms may contribute to precipitating the decompensation of these patients.
A major finding of our study was that, between the two oxidized forms, only HNA1 was able to induce cytokine production in peripheral leukocytes, an effect that was accompanied by the release of potent inflammatory lipid mediators, which are established markers of inflammation. In contrast, the biological activity of HNA2 on human leukocytes was practically null. These findings identify HNA1 as a biologically active form of oxidized albumin that triggers an inflammatory response in peripheral immune cells. Das et al. (19) suggested HNA2 as the biologically oxidized albumin form responsible for the activation of neutrophils in patients with severe alcoholic hepatitis (SAH). There are some points that might help to reconcile these two studies. First, although both studies used neutrophils as an in vitro model, in our study we also tested the biological actions of oxidized albumin on total blood leukocytes and PBMCs from both HVs and patients with cirrhosis. Second, in our study, we prepared the different oxidized albumin fractions ex vivo and tested known quantities of HNA1 and HNA2 in vitro at concentrations seen in patients with cirrhosis. In contrast, Das et al. tested in vitro the effects of albumin isolated from healthy subjects, patients with cirrhosis, and patients with SAH. Because plasma HNA2 levels were higher in patients with SAH than in patients with cirrhosis and healthy subjects and the in vitro effects were more evident in cells treated with albumin from patients with SAH, the authors assumed that the biological effects were due to HNA2. However, the albumin from patients with SAH contained not only HNA2 (approximately 15.5% of the total albumin) but also high quantities of HNA1 (44.5% of the total albumin). (19) Finally, in the current investigation, we used a concentration of 1 mg/mL of each oxidized albumin form, which is the lowest concentration identified in our cohort of patients with DC. A higher concentration (16 mg/mL) of albumin fractions was used by Das et al., which corresponds to approximately 4.6 mg/mL of HNA1 and 1 mg/mL of HNA2 from plasma obtained from healthy subjects and 7.1 mg/ mL of HNA1 and 2.5 mg/mL of HNA2 from plasma obtained from patients with SAH. Taken together, our findings provide evidence of the ability of the reversibly oxidized form of albumin, HNA1, to trigger the cytokine and eicosanoid storms in mononuclear leukocytes, while suggesting that the irreversibly oxidized form of albumin, HNA2, is inert in terms of biological activity in leukocytes. Consistent with this view, a recent publication by Magzal et al. demonstrated the proinflammatory effects of HNA1 present in serum from hypoalbuminemic patients undergoing dialysis in experiments with human umbilical vein endothelial cells. (20) Another major finding of our study was the identification of the intracellular signaling pathway mediating the inflammatory response of mononuclear cells to HNA1. By screening 43 different kinases involved in the signaling of the inflammatory response in immune cells, we were able to identify p38 MAP kinase as the intracellular signaling pathway mediating the effects of HNA1 on these cells. The involvement of p38 MAP kinase was confirmed using a specific inhibitor of this kinase, which blocked HNA1-induced expression of inflammatory markers. The receptor(s) mediating the activation of p38 MAP kinase in response to HNA1 was not elucidated in the current study, but a number of potential candidates can be suggested. For example, scavenger receptors (SRs), especially those of class A (SR-A), have the ability to bind large modified serum proteins and to translate the signal through the p38 MAP kinase pathway, although at present there is no evidence that they can bind oxidized albumin. (21) Activation of cluster of differentiation 36, an SR-B linked to p38 MAP kinase signaling by "advanced oxidation protein products," has also been reported. (22) Other SRs, such as glycoproteins 18 and 30, which avidly bind chemically modified albumin by formaldehyde or maleic anhydride, could also be candidates; but they do not signal through p38 MAP kinase. (23) Finally, data based on changes in mRNA expression suggest that up-regulation of several toll-like receptors (TLRs), especially TLR5, could be involved in the response of neutrophils to oxidized albumin forms. (19) Another interesting aspect of our investigation was the confirmation of the proinflammatory actions of HNA1 through the lipidomic analysis of inflammatory mediators released by human leukocytes into the incubation medium. Indeed, LC-MS/MS analysis revealed increased production of inflammatory (i.e., PGE 2 , PGF 2α , and LTB 4 ) and vasoconstrictor (TXA 2 ) eicosanoids in response to HNA1 accompanied by a remarkable up-regulation of enzymes involved in their synthesis, especially the PGE 2 -generating enzymes COX-2 and mPGES-1. This overproduction of PGE 2 , which is a pleiotropic PG released in response to inflammatory stimuli that contributes in a positive loop to the amplification of the initial inflammatory response, (24) is consistent with a prior investigation by O'Brien et al. (25) showing that plasma levels of PGE 2 are markedly elevated in patients and experimental animals with DC. In the O'Brien et al. investigation, PGE 2 was associated with features of immune suppression (inhibition of TNF-α release by lipopolysaccharide-primed macrophages incubated with plasma from patients with cirrhosis and of bacterial killing capacity in mice with cirrhosis and sepsis). (25) Therefore, one could speculate that high circulating HNA1 levels might also contribute to immune suppression in cirrhosis, which is an important risk factor for bacterial infections in this condition. The mechanism by which HNA1 triggers the production of PGE 2 and other eicosanoids by leukocytes is unknown, but perhaps the oxidized albumin form induces the release of arachidonic acid from membrane phospholipids by activating phospholipase A 2 . Indeed, cytosolic free arachidonic acid is readily converted into eicosanoids through the activity of COX and LOX enzymes. (18) Moreover, cytokines such as IL-1β are potent stimuli for COX-2 induction and PGE 2 synthesis in an autocrine fashion through the p38 MAP kinase. (26) In summary, our findings offer opportunities for understanding the pathophysiological processes underlying systemic inflammation in cirrhosis. Our findings also support the concept that the transition from CC to DC in patients without an identifiable precipitating event occurs in parallel with a sharp increase in the degree of systemic inflammation. This view coincides with our data showing that circulating levels of the oxidized albumin form HNA1 were higher in patients with AD but without ACLF than in those who were compensated, suggesting that HNA1 actively participates in the systemic inflammatory response that leads patients with cirrhosis to decompensation. Finally, our data demonstrating that oxidized albumin has biological properties and induces the activation of peripheral immune cells provide a solid argument for the removal of oxidized albumin from the plasma of patients with advanced liver disease and its replacement with reduced albumin through interventional approaches such as plasma exchange. (27, 28) Alternatively, patients with advanced liver disease could benefit from therapies promoting an antioxidant environment that may induce the conversion of HNA1 into HMA.
